Background-Alzheimer's disease (AD) patients have been reported to have shorter telomeres in peripheral blood leukocytes (PBLs) than age-matched control subjects. However, it is unclear if PBL telomere length reflects brain telomere length, which might play a more direct role in AD pathogenesis. We examined the correlation between PBL and cerebellum telomere length in AD patients, and compared telomere lengths in cerebella from individuals with AD versus agematched control subjects.
Introduction
Alzheimer's disease (AD) is the major cause of dementia in the elderly, and affects more than 40% of individuals over the age of 85 [1] . The accumulation of fibrillary proteins, including the Aβ peptide in senile plaques and tau protein in neurofibrillary tangles, appears to be central to the pathogenesis of AD [2] [3] [4] . It is nonetheless unclear why individuals with the predominant, sporadic form of AD are more prone to disease, although some genetic risk factors were identified [5, 6] . Further, it is unclear why age is the major risk factor for AD; possibilities include age-related inflammatory, oxidative, and immune changes, and a timedependent accumulation of misfolded proteins. Telomere shortening, a known age-related chromosomal change that occurs in most human tissues [7] [8] [9] , emerged recently as a potential contributor to the pathogenesis of AD.
Telomeres are repeated sequences and associated proteins that protect, or "cap," the ends of chromosomes [10] . The "uncapping" of telomeres leads to the degradation and fusion of chromosome ends, and to either permanent cell-cycle arrest ("cell senescence") or death via apoptosis. Telomere length is important for capping [11] . Because the DNA-replication machinery is incapable of fully replicating the ends of linear molecules, and also because of nucleolytic degradation and oxidative DNA damage, telomeres shorten as cells divide. Some cells express high levels of the enzyme telomerase, which adds telomere repeats to existing telomere ends and thus counteracts shortening. However, there is insufficient telomerase in most human cells to prevent telomere shortening. It is clear that telomeres shorten with age in many human tissues, including skin, kidney, liver, blood vessels and peripheral white blood cells [7] .
Telomere shortening limits the replicative lifespan of many different human cells in culture, and evidence is accumulating that telomeres become critically short in aging human tissues, and thus contribute to age-associated pathology. For example, individuals over age 60 years who have telomeres in the bottom half of the length distribution have 1.9-fold higher mortality rates than age-matched individuals with telomeres in the top half of the length distribution (P = 0.004) [12] . Further, individuals with dyskeratosis congenita, who have a 50% decrease in telomerase activity, suffer from several age-associated pathologies (e.g., bone marrow failure and osteoporosis) [13] , and telomere defects may contribute centrally to the pathogenesis of the Werner premature aging syndrome [14] [15] [16] . An exponential increase with age in the frequency of uncapped telomeres and the heterochromatinization of the nuclear genome in the skin of nonhuman primates indicates an association between agerelated telomere dysfunction and cellular senescence in vivo [17] . Further, telomere length may be a heritable factor correlated with lifespan [18] . Mean telomere length in a given tissue or cell type varies among individuals of the same age [19] [20] [21] , and individuals born with a greater telomere reserve might be protected from the effects of age-related telomere attrition.
Although telomeres will shorten with cell division, some dividing cells express telomerase (e.g., activated lymphocytes and progenitor cells of epithelial and hematopoietic tissues), which can slow or even reverse telomere shortening. Thus in older individuals, the telomere lengths of tissues with abundant dividing cells may have a complicated relationship with inherited telomere lengths. On the other hand, the low levels of cell turnover and lack of significant telomerase in normal brains yield slow and regular age-related telomere shortening that may allow telomere length at a given age to have a simpler relationship with inherited telomere lengths. Indeed, cerebral cortex telomere lengths were found to shorten with age in a cross-sectional study of individuals up to 70-79 years of age, but were then directly correlated with age in individuals aged 80 years and older [22] . This was interpreted as a survivor effect, where individuals who had inherited longer telomeres had a greater likelihood of living to an older age.
Four studies have connected telomere length to AD, despite the lack of an apparent association in one early, small study [23] . The first study found that individuals with AD had shorter telomere lengths in peripheral blood mononuclear cells than did age-matched control subjects [24] . Further, T-cell telomere length was correlated with Mini-Mental State Examination score, and inversely correlated with serum levels of the proinflammatory cytokine tumor necrosis factor-α, suggesting that short telomeres might induce immune dysfunction and thus contribute to the pathogenesis of AD. The second study examined women with Down syndrome, and found shorter telomeres in T cells of individuals with AD-type dementia than in age-matched control subjects [25] . The third, a case control study of 257 individuals, found reduced peripheral blood leukocyte (PBL) telomere length in AD patients compared with control subjects [26] . Moreover, among individuals with AD, short telomeres were associated with higher mortality rates. A fourth study confirmed the association between short PBL telomere length and AD, and was the first to examine brain (hippocampus) telomere length in histopathologically validated AD patients [27] . Surprisingly, telomere lengths in the hippocampus were found to be 49% longer in AD patients than in control subjects (P < 0.01). However, because glial cells can upregulate telomerase and lengthen their telomeres upon proliferating in response to injury [28] [29] [30] , the gliosis known to be associated with the most active sites of AD pathology, such as the hippocampus, likely contributed to the increased overall telomere length of cells observed in this brain region. Together, these four studies indicate that telomere length in peripheral blood cells is a marker of AD, although many questions remain about the relationship and significance of PBL telomere length to the pathogenesis of AD.
Here we examined the association between PBL and cerebellum telomere lengths in AD, and also compared telomere lengths in the cerebella of AD patients and control subjects. We chose the cerebellum because whereas it may suffer limited pathology in AD, including atrophy of the molecular and granular layers [31] , it does not experience gliosis [31] [32] [33] . Thus, the measurement of cerebellar telomere length should not be complicated by telomerase expression in proliferating glial cells. We found that PBL and cerebellum telomere lengths are correlated in AD patients. However, we were unable to discern a difference in the cerebellar telomere lengths of AD patients compared with control subjects.
Methods

Samples
Cerebellar tissue was obtained from the Center for Neurodegenerative Disease Research Brain Bank at the University of Pennsylvania. Cases (n = 30) were selected from pathologically confirmed AD brains (n = 280), based solely on the availability of matched DNA samples from PBLs that had been collected before death (one PBL DNA sample later proved to be unavailable). Control subjects (n = 22) were selected from normal brains (n = 36), to match most closely the age and gender of the AD cases. The AD patients had an average age at death of 80 years (range, 57-92 years); 73% (n = 22) of patients were female. The mean age at death of control cases was also 80 years (range, 63-98 years); 50% (n = 11) were female. Cerebellar samples from two additional control individuals of younger ages (ages 29 and 51 years) were used for studies of the relationship between age and brain telomere length. Genomic DNA was extracted from brain tissue, using a Qiagen DNeasy kit (Qiagen, Valenica, CA).
The DNA from PBLs that had been collected and banked for APOE genotyping before a patient's death (mean, 3.8 years before death) was available for 29 of 30 AD patients. The DNA from these patients was obtained from the Memory Center DNA Bank at the University of Pennsylvania Alzheimer's Disease Center. This DNA had been extracted using standard commercial methods. Unfortunately, matched peripheral blood DNA was not available for control brain cases. All studies were performed under Institutional Review Board approval.
The MRC5 cells were obtained from the Coriell Repository (Camden, NJ), and BJ-hTERT fibroblasts were a generous gift of W. Hahn (Dana Farber Cancer Institute, Boston, MA). Cells were grown in Minimal Essential Medium with Earle's salts and containing 15% fetal bovine serum and 1 × penicillin/streptomycin in 5% CO 2 and 3% O 2 . Genomic DNA from cultured cells was prepared as described previously [34] .
Telomere polymerase chain reaction
Telomere polymerase chain reactions (PCRs) were performed exactly as described [35] , except that the number of amplification cycles was increased to 25 and 35 for the T and S reactions, respectively. Briefly, two sets of PCR reactions were each carried out in triplicate in 96-well plates, and each reaction contained 35 ng of genomic DNA template. The first set amplified telomere repeat DNA (T reaction), and the second amplified a single-copy gene (ribosomal protein P0; S reaction). The PCRs were performed in an Appied Biosystems, Inc 7700 sequence detection system, and the accumulation of amplified DNA was detected via SYBR green fluorescence. Each plate contained dilutions of a reference genomic DNA sample to generate a standard curve for the relationship between C t (cycle threshold) values and input genomic DNA mass for T and S reactions, to which the test samples were normalized to generate relative T and S values and T/S ratios. The mean coefficient of variation for triplicate T/S measurements in AD samples was 15.1% for cerebellum DNA (n = 30), and 12.5% for PBL DNA (n = 29).
Terminal restriction fragment analysis
The terminal restriction fragment (TRF) analysis was performed as described [36] . Briefly, 1 μg of genomic DNA was digested with RsaI and HinfI, and separated on a 0.5% agarose gel, which was then dried and probed using the end-labeled telomere repeat oligonucleotide (CCCTAA) 4 , and visualized with a Phosphorimager (Molecular Dynamics, Sunnyvale, CA). Mean telomere length was calculated as the weighted average Σ(OD i )/Σ(OD i /L i ), where OD i is the background-corrected intensity of telomere signal in interval i, and L i is the average length of telomeres in interval i (each interval equal to a pixel), thus accounting for the stronger signal emitted by longer telomeres.
Statistical analyses
Statistical analyses were performed using Prism 3.0 software (GraphPad Software, Inc., San Diego, CA), except for calculation of the 95% confidence interval for the mean difference between AD and control cerebellum T/S ratios, which was performed using the method presented by Woolson [37] . Correlations were evaluated using Pearson r-values and twotailed P-values. For pairwise comparisons of mean T/S ratios in AD patients and control subjects, a two-tailed unpaired t-test was applied, using Welch's correction in cases of unequal variances.
Results
Validation of quantitative PCR
Quantitative telomere PCR was used to measure mean telomere lengths in genomic DNA from tissue specimens. This technique requires small amounts of genomic DNA, and measures only the lengths of telomere repeat tracts. Values are expressed as T/S ratios, where T and S are proportional to the amplification of telomere repeats or a single-copy gene, respectively. The classic method of measuring telomere length, i.e., TRF length analysis, relies on the digestion of subtelomeric DNA with restriction endonucleases to generate fragments that contain predominantly telomere repeat DNA, which are then measured by Southern blot analysis. Because the location of the terminal-most restriction site varies among chromosomes and individuals, the subtelomeric component of TRF length contributes to a variability in measurements that can be avoided using telomere PCR. To confirm that our telomere PCR measurements reflected telomere lengths, we compared them with TRF measurements of DNA samples from cultured cells (Fig. 1A) or PBLs from AD patients. Telomere PCR measurements were performed in triplicate, and T/S ratios had a coefficient of variation of 12-15% (see Methods). Comparisons among samples from a single cultured human diploid fibroblast cell line (MRC5), which had been serially passaged to effect different extents of telomere shortening, provided an excellent correlation ( Fig. 1B ; r = 1.0, P = 0.0014). An addition to the dataset of a sample from a cell line derived from a different individual and containing an hTERT transgene (BJ-hTERT), conferring high levels of telomerase and thus long telomeres, diminished the correlation slightly (r = 0.98, P = 0.0035). The PBL samples showed a reduced, but still high, correlation between TRF and telomere PCR measurements ( Fig. 1C ; r = 0.77, P = 0.015). It is likely that the diminished correlation in comparisons between samples from different individuals in part reflects a variability in TRF measurements caused by the polymorphic nature of subtelomeric DNA. Overall, telomere PCR provided a reproducible and accurate measure of mean telomere length.
Comparison of PBLs and cerebellum telomere lengths in AD
Genomic DNA was prepared from matched PBL and cerebellum samples from 29 individuals with sporadic AD and an average age of 80 years. Telomere PCR T/S measurements yielded nearly identical mean telomere lengths for the blood and brain samples of the group of individuals overall (means and standard deviations for PBL and cerebellar T/S were 0.778 ± 0.168 and 0.792 ± 0.209, respectively). Consistent with the similar overall T/S ratios, there was a moderate and significant correlation between PBL and brain telomere lengths ( Fig. 2A ; r = 0.42, P = 0.023). Because it was reported that PBL telomere length is shorter in AD patients than in control subjects, our observation that PBL and brain telomere lengths are correlated raised the possibility that brain telomere lengths might also be shorter in AD patients than in control subjects.
Comparison of cerebellum telomere lengths in AD patients and control subjects
Cerebellar telomere lengths were examined in 24 unaffected control individuals, using telomere PCR. Consistent with earlier reports of the human cerebrum and rat cerebellum [22, 38] , there was a weak trend toward telomere shortening with age in these control subjects ( Fig. 2B ; r = −0.098, P = 0.64). Next, cerebellar DNA was examined in 30 AD patients and 22 control subjects. Each group had the same mean age of death, equal to 80 years. Telomere PCR T/S ratios (means ± standard deviations) were 0.799 ± 0.210 and 0.736 ± 0.334 for the AD patients and control subjects, respectively (Fig. 2C ). This mean difference of 0.063 (an 8.5% increase in patients) was not significant (P = 0.52), and the 95% confidence interval for the mean difference between cases and control subjects ranged from −0.09 to 0.21 (i.e., from a 12% decrease to a 28% increase). There was also no significant difference in T/S ratios when comparing patients and control subjects of the same gender (data not shown). Therefore, we were unable to detect a decrement in telomere length in the majority of cerebellar cells from these AD cases. Similar to a previous report [26] , there was no association between APOE genotype and T/S ratio (mean ±standard deviation) in AD patients (T/S =0.793 ±0.221 and 0.803 ±0.209 for individuals with no, or 1 or 2, APOE ε4 alleles, respectively). Further, there was no relationship between cerebellar T/ S ratio and duration of disease (P = 0.78). There was a significant inverse correlation between cerebellar T/S ratio and age of disease onset ( Fig. 2D ; P =0.027). In contrast, the PBL T/S ratio was not significantly correlated with age of disease onset ( Fig. 2D ; P = 0.108).
Discussion
We observed a significant correlation between PBL and cerebellum telomere lengths in AD patients, but no difference in bulk cerebellum telomere lengths in AD patients relative to age-matched control subjects. Although we did not have access to matched PBL samples for our control patients, previous measurements of PBL telomeres in patients with AD found decreases of 13% [24] , 12% [26] , and 31% [27] compared with control subjects. The 95% confidence interval for the difference between mean cerebellum telomere length in our AD cases relative to control subjects ranged from a 12% decrease to a 28% increase. Thus, if cerebellum telomeres in AD are shortened to the same extent as PBL telomeres, we should have had a reasonable chance of detecting this. However, we may have missed a small difference because of a lack of statistical power.
Our findings of correlated telomere lengths in AD PBLs and cerebella, but no apparent difference between telomere lengths in AD and control cerebella, may appear to be at odds with several reports indicating reduced telomere lengths in the PBL of individuals with AD. However, this apparent contradiction could be explained by the accelerated attrition of PBL telomeres in AD patients compared with control subjects, with a relative sparing of cerebellum telomeres from shortening in both patient populations (see hypothetical dotted line in Fig. 2A ). In this case, PBL and brain telomere length would be correlated in both AD and control populations, brain telomere lengths would be the same in AD patients and control subjects, and PBL telomeres would nonetheless be shorter in AD. Unfortunately, we did not have access to matched PBL DNA samples for our control population, and so any proof of this idea will require additional studies.
Consistent with the idea that bulk cerebellar telomere length is not a major determinant of AD, we found an inverse correlation between age at onset of AD and cerebellar telomere length (Fig. 2D) . This relationship most likely reflects a gradual shortening of cerebellar telomeres with age, rather than a pathogenic role in AD. If bulk cerebellar telomere length were a major determinant of AD risk, there should be little or no correlation between age at onset and telomere length, because individuals would develop AD as soon as their telomeres reached a threshold length. In this case, individuals who inherited short telomeres, or had accelerated cerebellar telomere attrition during their lifetime, would develop AD earlier than those with longer telomeres.
Following this logic, if an association exists between inherited or acquired changes in PBL telomere length and the pathogenesis of AD, one would not expect to see a correlation between PBL telomere length and age at AD onset. Our data (Fig. 2D , PBL data) are consistent with this hypothesis, because there was no significant correlation between PBL telomere length and age at onset (consistent with a threshold effect). However, our study may not have been adequately powered to detect such a correlation, if one exists.
How might telomere dysfunction be related to AD, and why would PBL telomere length be correlated with AD? As the least direct explanation for a correlation between short PBL telomeres and AD, excessive telomere shortening simply reflects a history of generalized tissue damage and inflammation (and thus increased cell turnover and telomere shortening), which in themselves may contribute to AD. As the most direct possibility, the telomere length of PBLs directly regulates the function of these circulating immune cells, which in turn modulate AD pathogenesis, as suggested by Panossian et al. [24] . As a middle-ground possibility, PBL telomere length is correlated with telomere length in other tissues that play a more direct role in AD pathogenesis, and changes in telomere lengths affect the function of these tissues. For example, telomere lengths in endothelial cells in brain vasculature might decline with age, as they do in the endothelial cells of other tissues.
There is some support for the notion that telomere shortening and cell senescence contribute to vascular dysfunction that in turn contributes to AD. For example, telomere dysfunction contributes to age-related vascular changes [39] , as evidenced by 1) a shortening of telomeres with age in vascular endothelial cells [40] , 2) an association between atherosclerotic lesions and senescent cells with particularly short telomeres [41] , 3) threefold higher mortality rates from cardiovascular disease in individuals with short telomeres [12] , 4) the reversal by artificial telomerase expression of atherogenic gene expression patterns in senescent endothelial cells [42] , and 5) the significance of mean leukocyte telomere length as a predictor of future coronary artery disease in middle-aged, high-risk men [4, 43] . Further, there are indications that vascular factors contribute to AD, including 1) shared risk factors for atherosclerosis and AD (e.g., APOE genotype, diabetes, and hyperlipidemia), 2) the deposition of β-amyloid in brain capillaries, 3) AD risk reduction via agents (e.g., aspirin) that also reduce vascular disease, and 4) evidence that vasculature insufficiency and thrombin production upregulate amyloid precursor protein (APP) expression and the cleavage of the amyloid beta peptide from APP [44] [45] [46] [47] [48] . Given the small contribution of vascular cells to total brain mass (approximately 0.1%), changes in telomere length in such cells would have gone undetected in our measurements of bulk cerebellar telomeres.
Regardless of how telomere function might be related to AD, PBL telomere length could provide an independent bio-marker of AD risk that could complement other biomarkers under study. We found that PBL and brain telomere length are correlated in AD. Similar correlations were reported for telomere lengths in PBL and skin fibroblasts, and among cerebral cortex, myocardium, liver, and renal cortex, indicating correlations throughout several tissues [19, 23] . Nonetheless, if there proves to be no difference between cerebellar telomere lengths in AD patients and control subjects, as our findings suggest, this would indicate that inherited telomere length may not be a major determinant of AD susceptibility, because cerebellar telomere length may be a relatively good indicator of inherited telomere length. Rather, the acquired shortening of PBL telomeres, which appears to be correlated with chronic stress or inflammation [49] , might underlie the correlation of PBL telomere length with AD risk.
Further studies are required to understand the mechanistic relationship between PBL telomeres and AD, and such studies may shed new light on the mechanisms of this devastating disease. Cerebellum and PBL telomere lengths in AD cases and control subjects. (A) Correlation between PBL and cerebellum telomere lengths in AD patients. Mean telomere PCR T/S ratios for PBLs and cerebellum from AD patients (n =29) are shown. The correlation coefficient is 0.42 (P =0.023). Solid line was fit by linear least-squares regression, and dotted line represents a hypothetical control population with same mean cerebellum T/S ratio, but a higher mean PBL T/S ratio, than in the AD population (see Discussion). (B) Cerebellar T/S ratios for normal control subjects (n = 24) ranging in age from 29 to 98 years. Weak trend toward shortening with age is indicated by least-squares fit line (P =0.64). (C) Mean T/S ratios for PBLs from AD patients (n =29), and for cerebellum samples from AD patients (n =30; mean age, 79.5 years) and control subjects (n =22; mean age, 79.7 years). Standard errors are shown, and no significant difference between T/S ratios in the two cerebellum groups was evident (P = 0.52; 95% confidence interval for AD vs. controls, −0.09 to 0.21). (D) Relationships between age of AD onset and cerebellar T/S ratio (n = 30, solid circles and solid line; P = 0.027) and PBL T/S ratio (n = 29, open squares and dotted line; P = 0.108).
